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Abstract The recent discovery of unexplained X-ray
line of 3.5 − 3.6 keV emitted from the Perseus cluster
of galaxies and M31 and the excess X-ray line of 8.7
keV emitted from the Milky Way center may indicate
that dark matter would decay. In this article, I show
that approximately 80 % of dark matter being 7.1 keV
sterile neutrinos and 20 % of dark matter being 17.4
keV sterile neutrinos can satisfactorily explain the ob-
served X-ray lines and account for all missing mass. No
free parameter is needed in this model. This scenario is
also compatible with current robust observational con-
straints from the matter power spectrum in large-scale
structures and would alleviate the challenges faced by
the existing dark matter models.
Keywords Dark matter, sterile neutrinos
1 Introduction
The dark matter problem is one of the major prob-
lems in astrophysics. It is commonly believed that
some unknown massive and collisionless particles ex-
ist to account for the missing mass in our universe.
They are regarded as cold dark matter (CDM) be-
cause they are massive and become non-relativistic
when they decouple from normal matter. In gen-
eral, the CDM model provides good fits on large-scale
structure observations such as cluster mass profiles
(Pointecouteai et al. 2005) and the matter power spec-
trum (Spergel and Steinhardt 2000). However, some
observations in dwarf galaxies and clusters indicate that
cores exist (Salucci 2001; Borriello and Salucci 2001;
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Oh et al. 2011; Tyson et al. 1998; Sand et al. 2008;
de Blok 2010; Newman et al. 2011), which contradict
the results from N-body simulations based on the CDM
model (Navarro et al. 1997). This discrepancy is now
known as the core-cusp problem. Moreover, the num-
ber of small dark halos and the density of subhalos
predicted by the CDM model does not match the ob-
servations of Local Group (Boylan-Kolchin et al. 2011;
Cho 2012). These discrepancies are respectively known
as the missing satellite problem and the too big to fail
problem.
Although there are some suggestions that baryonic
processes such as supernovae and AGN feedbacks may
help to alleviate the problems (Weinberg and Katz
2002; Macc`ıo et al. 2012), it is still quite controversial
to make conclusion because the baryonic component is
just a minor component in galaxies and clusters which
may not have a significant effect on the dark matter dis-
tribution (Pen˜arrubia et al. 2012; Vogelsberger et al.
2012).
Another idea to solve the above problem is that
the dark matter is not cold. The existence of keV
mass dark matter particles, as a candidate of warm
dark matter (WDM), has been proposed. In partic-
ular, one popular candidate of WDM particle is ster-
ile neutrino, which does not interact with other par-
ticles except by gravity. Basically, the WDM model
can solve the core-cusp problem, the missing satellite
problem and the too big to fail problem faced by the
CDM model (Destri et al. 2013a; Lovell et al. 2014).
Moreover, some unexplained X-ray fluxes with energies
(3.55− 3.57)± 0.03 keV (Bulbul et al. 2014a) and 8.7
keV (Koyama et al. 2007; Prokhorov and Silk 2010)
are obtained recently, which may be due to the decay
of sterile neutrinos. These sterile neutrinos can be pro-
duced via some mechanisms such as Dodelson-Widrow
(DW) mechanism (Dodelson and Widrow 1994) and
Shi-Fuller (SF) mechanism (Shi and Fuller 1999).
2However, recent observations of the Lyman-α for-
est and X-ray background put a very tight constraint
on sterile neutrino mass ms and the mixing angle θ,
which nearly rule out the possibility of DW sterile neu-
trinos as dark matter (Seljak et al. 2006; Viel et al.
2006; Boyarsky et al. 2009; Viel et al. 2013). Never-
theless, these constraints would be released if we do
not assume that all sterile neutrino dark matter were
produced by non-resonant (DW) mechanism. For ex-
ample, the sterile neutrinos that was produced from
Higgs decays or in split seesaw mechanism can give
agreements with both the Lyman-α bounds and X-ray
bounds (Petraki and Kusenko 2008; Kusenko et al.
2010). Moreover, Abazajian (2014) shows that the
resonantly-produced (produced by SF mechanism) de-
caying sterile neutrinos can solve the problems faced
by the CDM model and account for all dark matter.
However, this model requires one more free parameter,
the lepton asymmetry L, which is not known. In this
article, I show that if all dark matter consists of two
types of sterile neutrinos produced by DW mechanism,
it can satisfactorily account for the unexplained X-ray
flux and does not contradict to the matter power spec-
trum constrained by the data of the Lyman-α forest.
No free parameter is needed in this model.
2 The decay lines from Perseus and the Milky
Way
Recently, a potential detection of an X-ray line at en-
ergy E = (3.55− 3.57)± 0.03 keV from a stacked com-
bination of clusters, with a particularly bright signal
from Perseus cluster, was found (Bulbul et al. 2014a).
The largest detected line flux from the Perseus clus-
ter is 5.2+3.7
−2.1 × 10
−5 photons cm−2 s−1 (Bulbul et al.
2014a). A similar line at nearly the same energy
E = (3.53 ± 0.03) keV from M31 is also reported
(Boyarsky et al. 2014). The largest detected flux
from the inner 3.4 kpc is 4.9+1.6
−1.3 × 10
−6 photons cm−2
s−1 (Boyarsky et al. 2014). These X-ray fluxes seem
to be larger than the expected fluxes, which require
some new mechanisms to explain. There has been a
lot of debate over this issue (Boyarsky et al. 2015;
Bulbul et al. 2014b; Jeltema and Profumo 2015a,
2014; Phillips et al. 2015). Therefore, this problem
has not been settled, and we assume that the produc-
tion of the large detected fluxes involve some unknown
mechanisms. Besides, some emission lines above 6 keV
from Milky Way center has been detected. In partic-
ular, Prokhorov and Silk (2010) find a significant ex-
cess of E = 8.7 keV photons which cannot be explained
by ionization and recombination processes. The mea-
sured intensity of the FeXXVI Lyγ is 1.77+0.62
−0.56 × 10
−5
ph cm−2 s−1, which is about 3 times larger than the
expected intensity 6.3+0.4
−0.4 × 10
−6 ph cm−2 s−1 and an
order of magnitude larger than the general X-ray inten-
sity (∼ 10−6 ph cm−2 s−1) (Ruchayskiy et al. 2015).
The excess flux is (1.1± 0.6)× 10−5 photons cm−2 s−1
(Prokhorov and Silk 2010).
It has been suggested that these unexplained lines
may be produced by the decay of dark matter par-
ticles (Prokhorov and Silk 2010; Bulbul et al. 2014a;
Boyarsky et al. 2014; Finkbeiner and Weiner 2014).
If these lines are produced by the decay of sterile neu-
trinos, the corresponding masses of the sterile neutri-
nos would be 7.1 keV and 17.4 keV respectively (since
E = ms/2). There are many proposed models to
generate more than 1 sterile neutrinos. For exam-
ple, Asaka et al. (2005) propose an extension of the
Minimal Standard Model (νMSM) to generate 3 sterile
right-handed neutrinos. Besides, Xing (2012) propose
a type(I+II) seesaw mechanism to construct a 6×6 fla-
vor mixing matrix to generate 3 light or heavy sterile
neutrinos. Our proposal is basically compatible with
the above models. One or more sterile neutrinos can
be conjectured in the above mechanisms to account for
the observations.
However, some recent studies start to challenge the
discovery of the excess 3.55 keV line. For example,
Horiuchi et al. (2014) show that the production of
sterile neutrinos via DW mechanism cannot 100% ac-
count for all dark matter. Also, Anderson et al. (2014)
claim that no excess 3.55 keV line is detected from
some of the other galaxies and galaxy groups. In par-
ticular, observations, including our own galaxy, dwarf
spheroidal galaxies and Draco, show negative results
for the excess 3.55 keV line (Riemer-Sorensen 2014;
Malyshev et al. 2014; Jeltema and Profumo 2015b).
Iakubovskyi (2014) reviews most of the criticisms of
the excess 3.55 keV line and concludes that the existing
result is still consistent with the decaying dark matter
scenario. Moreover, Ruchayskiy et al. (2015) perform
detailed analysis and show that the Draco observation
does not exclude the dark matter interpretation of the
3.5 keV line.
Besides, Carlson et al. (2015) recently report that
the detected 3.55 keV lines in the Milky Way center
and Perseus highly correlate with the morphology of
baryonic matter. This suggests that the 3.55 keV line
might be originated from baryonic matter, but not the
dark matter. However, this result is expected in the
Milky Way because we know that the central mass
in many galaxies including the Milky Way is dom-
inated by baryonic matter (Lelli 2014; Iooco et al.
2015). Also, many studies have suggested that the
total matter distribution in galaxies basically follows
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the baryonic matter distribution (Gentile et al. 2009;
Lelli 2014). For the Perseus cluster, the parameters
used by Carlson et al. (2015) are questionable. First
of all, the mass-concentration relation used is signifi-
cantly different from the one in recent literature (see
Schaller et al. (2014)). As a result, the concentra-
tion parameter used in Carlson et al. (2015) is 50%
larger than the standard one (Sa`nchez-Conde et al.
2011). This would overestimate the dark matter mass
for Perseus by a factor of 2 and underestimate the mix-
ing angle by a factor of 1.4. Secondly, since Perseus is
a cool-cored cluster, the central density of dark mat-
ter would be smaller (see Chan (2014)). Therefore,
the central region of Perseus would be dominated by
baryonic hot gas and the 3.5 keV signal would follow
the cool-core morphology. Based on the above argu-
ments, the discovery of the excess 3.55 keV line is still
a good evidence to support the existence of decaying
dark matter.
The mixing angles of 7.1 keV sterile neutrinos
calculated by the fluxes from Perseus and M31 are
sin2 2θ = 5.5+3.9
−2.3 × 10
−10 (Bulbul et al. 2014a) and
sin2 2θ = (0.2 − 2) × 10−10 (Boyarsky et al. 2014) re-
spectively. For 17.4 keV sterile neutrinos, the mix-
ing angle calculated is sin2 2θ = (4.1 ± 2.2) × 10−12
(Prokhorov and Silk 2010). Obviously, there is some
tension between the calculated mixing angles obtained
from the data of Perseus and M31. However, the cal-
culations of the mixing angles in Perseus and M31 as-
sume that the dark matter density follows the NFW
profile (Bulbul et al. 2014a; Boyarsky et al. 2014).
The NFW profile generally gives good fits to most
clusters (including Perseus), but not for most galax-
ies (Grillo 2012; Chae et al. 2014). It has been shown
that the NFW profile does not give a good fit to M31
dark matter density profile (Banerjee and Jog 2008;
Chemin et al. 2009). If a dark matter core exists
in M31, the resulting mixing angle calculated would
be larger and the tension would be alleviated. For
the DW mechanism, the dark matter velocity distri-
bution is thermal so that the sterile neutrino mass de-
termines whether the density profile is cored or cuspy,
provided that the baryonic effects are not important.
de Vega and Sanchez (2013) show that 7 keV sterile
neutrinos can give the correct abundance of substruc-
tures for 1 − 100 kpc scales, which disagrees with the
NFW profile. Therefore, the mixing angle calculated
in Boyarsky et al. (2014) may be underestimated. In
this article, we only use the mixing angle calculated
from the data of Perseus because the obtained density
profile is more reliable.
Suppose that the sterile neutrinos were produced
by the DW mechanism. The relation between the
mixing angle and the fraction of total mass of ster-
ile neutrinos to total dark matter mass fs is given by
(Dolgov and Hansen 2002; Mapelli and Ferrara 2005)
fs = 0.114
(
sin2 2θ
10−10
)( ms
7.1 keV
)2
. (1)
If we assume ms = 7.1 keV, by using the mixing angle
derived in Bulbul et al. (2014a), we get fs = 0.60− 1
(note that fs ≤ 1).
For the Milky Way, the line absorption due to the
gas near the Milky Way center is significant (the ab-
sorption in Perseus is negligible). The mixing angle ob-
tained in Prokhorov and Silk (2010) is directly calcu-
lated from the observed line intensity in Koyama et al.
(2007) without absorption corrections. Therefore, we
should first re-calculate the mixing angles by consider-
ing the optical depth of the X-ray photons. The optical
depth of the X-ray photons emitted at r is given by
τ(r) =
∫ Rg
r
ng(r)σdr, (2)
where σ is the absorption cross section, ng(r) and Rg
are the number density profile and the total size of gas
halo respectively. The absorption cross section of a
particular ion or atom is given by (Daltabuit and Cox
1972)
σi = σth
[
α
(
Eth
E
)s
+ (1− α)
(
Eth
E
)s+1]
, (3)
where σth, Eth and s are parameters for different ele-
ments. Here, we consider some major absorption atoms
and metal ions such as Hydrogen, Helium, Carbon,
Nitrogen, Oxygen, Silicon, Neon, Sulphur and Iron.
Therefore, the effective cross section is σ =
∑
i aiσi,
where ai is the fraction of the element in the gas. The
value of ai can be determined by the metallicity of the
gas.
Near the Milky Way center, the number densities of
atomic and molecular gases are 0.9 cm−3 and 74 cm−3
respectively (Ferriere et al. 2007), and the metallic-
ity of the gas is about (1 − 3)Z⊙ (Muno et al. 2004;
Sakano et al. 2004), which largely enhance the absorp-
tion. Assuming a constant density profile, the optical
depth is about 0.21. By eliminating the effect of ab-
sorption and taking ms = 17.4 keV, we get sin
2 2θ =
(5.1 ± 2.7) × 10−12f−1s and fs = 0.13 − 0.23. In fact,
observations indicate that the inner density profile fol-
lows r−1.8 (Scho¨del et al. 2002) and the density profile
in the outer region is nearly a constant (Ferriere et al.
2007). Since most of the absorption occurs near the
inner region, our assumption using the constant den-
sity profile would underestimate the effect of absorp-
tion. Hence, the value of fs should be somewhat larger.
4Nevertheless, we still use the above calculated range as
a conservative estimation.
If there are two types of decaying sterile neutrinos,
one being 7.1 keV and the other being 17.4 keV, the
fraction of sterile neutrinos would be fs = 0.73− 1. In
other words, the X-ray line fluxes show that these two
types of decaying sterile neutrinos can account for all or
at least a major part of the dark matter. Nevertheless,
the emission lines do not exclude a third type of sterile
neutrino dark matter as the lower limit of fs is well
below 1.
Bulbul et al. (2014a) state that the sterile neutri-
nos produced by the DW mechanism can only account
for about 1% of the dark matter. It is because they use
the mixing angle derived from a stacked spectrum of
galaxy clusters. In particular, they neglect the result of
Perseus because they believe that the observed intensity
might originate from the cool core of Perseus, but not
from sterile neutrinos. Nevertheless, Boyarsky et al.
(2014) discover that the outskirts of Perseus cluster
also show a similar strong 3.5 keV line (Iakubovskyi
2014). In fact, the results of Perseus are more reliable
because it is a large, nearby, and well-studied cluster.
However, the full sample used in Bulbul et al. (2014a)
contains many small and distant clusters (many clus-
ters with redshift z > 0.15). The stacked analysis in
Bulbul et al. (2014a) uses a single equation and some
scaling laws to model the amount of dark matter, which
may have large uncertainties. For example, the mass
of cluster hot gas used in Bulbul et al. (2014a) fol-
lows the results in Vikhlinin et al. (2009). This gas
mass fraction is 50% lower than the observed one for
high-redshift clusters (z = 0.15 − 0.3) (Landry et al.
2013). Therefore, the dark matter content for high-
redshift clusters in Bulbul et al. (2014a) is overesti-
mated. As a result, a smaller mixing angle is ob-
tained because the sample contains many clusters with
z > 0.15. In addition, the concentration parameter
c500 = 3 used in Bulbul et al. (2014a) is significantly
deviated from the observed one for high-redshift clus-
ters (c500 = 2.5) (Niikura et al. 2015). This would sig-
nificantly overestimate the dark matter mass for high-
redshift clusters and give an overall smaller mixing an-
gle. In fact, the uncertainties of the empirical scaling
relations in cosmological simulations are not small, and
the scaling relations used in Bulbul et al. (2014a) are
somewhat different from that obtained in recent stud-
ies (Mantz et al. 2016). Therefore, using the result of
Perseus is more appropriate in our analysis.
3 Reconciling the claim with other
observations
Observations from the Lyman-α forest and the X-ray
background give tight constraints on sterile neutrino
mass. For example, Seljak et al. (2006); Viel et al.
(2006) based on 3000 SDSS data obtained ms ≥ 15 keV
and ms ≥ 11 keV respectively. Recently, Viel et al.
(2013) used the data from 28 high redshift quasars
and got ms ≥ 21.8 keV. However, as pointed out by
Boyarsky et al. (2009), the evaluations of WDMmodel
based on the Lyman-α forest suffer from some ma-
jor problems, such as observational uncertainties, the-
oretical uncertainties related to numerical simulations,
and astrophysical uncertainties relevant for Lyman-α
physics (thermal history and ionization history of the
intergalactic medium). Moreover, it has been shown
that the late-time velocity dispersion of dark matter
particles has a significant effect on Lyman-α clouds
during structure formation, which may give a wrong
estimation of the lower bound of ms (Valageas 2012).
These factors are a great challenge for the results ob-
tained from the Lyman-α forest data alone.
By combining the WMAP 5 data, two different
Lyman-α sets and SDSS data, Boyarsky et al. (2009)
get a robust constraint on sterile neutrino mass: ms ≥ 8
keV (frequentist 99.7 % confidence) and ms ≥ 12.1
keV (Bayesian 95 % credible interval). However, these
bounds are obtained by assuming there is only one type
of sterile neutrinos.
If there are two types of sterile neutrinos and they
contribute to the power spectrum individually, the com-
bined power spectrum is given by (Ma 1996)
P (k) = {
Ωs1
Ωdm
[Ps1(k)]
1/2 +
Ωs2
Ωdm
[Ps2(k)]
1/2}2, (4)
where Ωdm is the cosmological density parameter
for dark matter, Ωs1, Ωs2, Ps1(k) and Ps2(k) are
the corresponding cosmological density parameters
and power spectrums of 7.1 keV and 17.4 keV ster-
ile neutrinos respectively. It is more convenient to
define a transfer function T (k) such that T (k) =
[PWDM (k)/PCDM (k)]
1/2, where PWDM and PCDM are
the power spectrums for the WDM and CDM mod-
els respectively. The transfer function can be well de-
scribed by the following analytic form (Destri et al.
2013b):
T (k) = [1 + (k/κ)a]
−b/2
, (5)
where a = 2.304, b = 4.478, κ = 6.06(ms/keV)
0.84h
Mpc−1. Although this analytic form is derived for one-
component dark matter, the velocity distributions of
these two types of sterile neutrinos are thermal, and
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the cross sections are so small such that they nearly do
not interact with each other. Hence, the resultant con-
tribution of the two components can be thought of as
an effective single-component contribution. Assuming
Ωs1 = 0.8Ωdm and Ωs2 = 0.2Ωdm, we get k1/2 = 11.2
Mpc−1, where [T (k1/2)]
2 = 1/2. The robust constraints
from Boyarsky et al. (2009) give k1/2 ≥ 7.44 Mpc
−1
(frequentist 99.7 % confidence) and k1/2 ≥ 10.5 Mpc
−1
(Bayesian 95 % credible interval). Therefore, the resul-
tant k1/2 calculated satisfies the current lower bounds
from the combination results of WMAP 5, Lyman-α
sets and SDSS data (see Fig. 1). Note that the pa-
rameter k1/2 used here is different from another free-
streaming parameter kfs which represents the comoving
scale of collisionless particles that interact only gravita-
tionally. Basically, these two parameters serve different
purposes, and the parameter k1/2 is more convenient to
use here because it can be obtained directly from the
transfer function.
The observational data from the model-independent
diffuse X-ray background give the following constraint
(Boyarsky et al. 2006a):
Ωs sin
2 2θ ≤ 3× 10−5
( ms
keV
)−5
. (6)
If there are two types of decaying sterile neutrinos, by
using Eq. (1), the constraint becomes
Ω2s1
(ms1
keV
)3
+Ω2s2
(ms2
keV
)3
≤ 2260Ω2dm. (7)
In Fig. 2, we plot the constraint from diffuse X-ray
background together with the constraints from decay
lines and data from large-scale structures. It shows
that our results Ωs1 ≈ 0.8Ωdm with ms1 = 7.1 keV and
Ωs2 ≈ 0.2Ωdm with ms2 = 17.4 keV satisfy all current
constraints. However, as mentioned in Boyarsky et al.
(2009), the single-component non-resonant (DW) de-
caying sterile neutrino model is ruled out by observa-
tions (see Fig. 2).
Besides the diffuse X-ray constraints from Boyarsky et al.
(2006a), our model is also consistent with some re-
cent model-independent constraints. For example, ob-
servations of Ursa Minor give model-independent con-
straints fs1 ≤ 1.4 and fs2 ≤ 0.82 (Loewenstein et al.
2009). However, some model-dependent observations
give more stringent constraints on fs1 and fs2. For ex-
ample, based on the results in Boyarsky et al. (2006b,
2008); Riemer-Sorensen (2009), the strongest con-
straints are fs1 ≤ 0.5 and fs2 ≤ 0.3. Moreover,
some of the model-dependent constraints are com-
pletely negative to our decaying sterile neutrino model
(Malyshev et al. 2014; Jeltema and Profumo 2015b).
Nevertheless, most of the results highly depend on the
dark matter density profiles of the dwarf spheroidal
galaxies, which have large uncertainties. For example,
some of the studies follow the ‘favoured NFW model’
(Malyshev et al. 2014; Jeltema and Profumo 2015b)
while recent observations suggest that the dark mat-
ter density of the dwarf spheroidal galaxies are cored
(Burkert 2015). The cored profile will suppress the
observed flux so that the constraints can be severely al-
leviated. Besides the functional form of the dark mat-
ter density profiles, the parameters of the dark mat-
ter density profiles also have large uncertainties, even
for our Milky Way and M31. Therefore, these model-
dependent constraints cannot completely rule out the
possibility of the two-component decaying sterile neu-
trino model.
4 Discussion
In this article, I assume that there are two types of de-
caying sterile neutrinos produced by DW mechanism,
which can account for all dark matter in our universe
without any free parameters. Approximately 80 % of
dark matter being 7.1 keV sterile neutrinos and 20 %
of dark matter being 17.4 keV sterile neutrinos can sat-
isfactorily explain the observed X-ray lines from the
Perseus galaxy cluster and the Milky Way center. Orig-
inally, it has been thought that the decaying sterile neu-
trinos produced by DW mechanism has been ruled out
by Lyman-α forest data. However, if we include one
more type of sterile neutrinos, the tension in the mass
range of sterile neutrinos between the constraint from
X-ray background and the observed data from power
spectrum would be released. In general, similar cal-
culations can be applied for decaying sterile neutrinos
produced by SF mechanism. However, one more free
parameter would be generated to achieve the same pur-
pose (Abazajian 2014).
Also, we may expect to discover a 8.7 keV line emit-
ted from other nearby dwarf galaxies and galaxy clus-
ters. For example, the decaying sterile neutrinos in
Fornax cluster would give a flux of ∼ 10−5 cm−2 s−1
or 10−13 erg cm−2 s−1 at 8.7 keV. Such a weak line
is consistent with the current constraint obtained in
Riemer-Sorensen (2014). Further verification can be
done by future X-ray observations.
On the other hand, the calculation of the power spec-
trum in this model (Eq. (4)) does not include the grav-
itational interaction between the two components. A
60.1 1 10 100
k (Mpc-1)
0
0.2
0.4
0.6
0.8
1
T(
k)
Fig. 1 The transfer function T (k) of our model. We assume h = 0.7.
0 0.2 0.4 0.6 0.8 1
f
s1
0
0.2
0.4
0.6
0.8
1
f s2
Constraint from X-ray background
Constraints from large-scale structures
f
s1 +f
s2 =1
Fig. 2 The two solid lines indicate the constraints from large-scale structures (WMAP 5 data, two different Lyman-α
sets and SDSS data) (Boyarsky et al. 2009) and X-ray background (Boyarsky et al. 2006a) respectively. The vertical and
horizontal dashed lines represent the constraints from decay lines (0.60 ≤ fs1 ≤ 1 and 0.13 ≤ fs2 ≤ 0.23). Here, we define
fs1 = Ωs1/Ωdm and fs2 = Ωs2/Ωdm. The shaded region is the allowed parameter space that satisfies all the constraints,
including the requirement fs1 + fs2 ≤ 1 (the dotted line).
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larger k1/2 would be obtained if we fully consider this ef-
fect in the structure formation. Nevertheless, this larger
k1/2 must also satisfy the current constraints from ob-
servations.
If our model is correct, this would alleviate the chal-
lenges faced by the CDM model (the core-cusp prob-
lem, the missing satellite problem and the too big to
fail problem) and save the existing one-component DW
sterile neutrino model, which is nearly ruled out by the
data from large-scale observations. To verify our result
based on the above calculations, numerical simulations
with two-component WDM is needed.
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